Amorphous hydrogenated carbon nitride layers, a-C:N:H, amorphous hydrogenated silicon nitride layers, a-SiN x :H and amorphous hydrogenated silicon carbonitride, a-SiC x N y :H, layers, fabricated on borosilicate glass and (001) oriented Czochralski silicon wafers by plasma assisted chemical vapour deposition, 13.56 MHz, were compared in this study. For reliable comparison the processing parameters, except temperature, were kept at the same level in each experiment. The layers containing silicon were grown at 473 K, while the layers without silicon were grown at 298 K. Methane, nitrogen and silane gaseous were used as carbon, nitrogen and silicon gaseous precursors respectively. The layers were subjected to structural studies by FTIR spectroscopy. The thicknesses of the layers and optical constants' functions: refractive index n (λ) and extinction coefficient k (λ), were determined by spectroscopic ellipsometry. Wollam M2000 ellipsometer was used to measure ellipsometric angles Psi (Ψ) and Delta (Δ) within 200÷1800 nm spectral range at three different angles of incidence 65°, 70° and 75°. The differences between structure and properties of the layers were indicated, as well as differences between the same layers deposited on various substrates. The results show that the layers grown on glass and Si are similar materials. Optical constants do not differ much. However, clear differences are seen, when thicknesses of the layers are compared. As a rule, the layers deposited on glass are thicker. A proposed explanation is related to the energy of the bonds C-O and Si-O for the layers deposited on glass and C-Si and Si-Si when the layers were deposited on Si wafers.
INTRODUCTION
For many years various methods of surface engineering like physical vapour deposition (PVD), plasma assisted chemical vapour deposition (PACVD), ion implantation, and pulse laser deposition (PLD) have been used in order to improve the utility value materials [1÷5]. Among various methods, PACVD, which enables lowering the process temperature, is the most promising one. It provides a modern tool to manufacture layers not only on substrates such as alloys and glass, but also on polymers. The PACVD technique needs strict determination of the processing parameters: temperature, pressure, plasma power and time. Additionally, composition of the gas mixture, i.e. types of gases and volume flows and location of the substrate in the reaction chamber (anode or cathode) can be critical [2] . There is much research dedicated to structural and other properties of the layers deposited by PACVD at various conditions [2, 3, 6] . However, little is known about the effect of the type of substrate on the structure and properties of the layers [7÷10] . The present study is aimed to fulfil this gap by focusing on amorphous hydrogenated carbon nitride (a-C:N:H) layers [2, 6, 11] , amorphous hydrogenated silicon nitride (a-SiN x :H) layers [12, 13] and amorphous hydrogenated silicon carbonitride (a-SiC x N y :H) layers [14, 15] , grown on both glass and silicon wafers.
The a-C:N:H, a-SiN x :H and a-SiC x N y :H layers form a very important group of materials that can be obtained by RF PACVD and they are currently in the center of attention of the scientific community. a-C:N:H layers exhibit good tribological properties and high corrosion resistance making them an attractive material for protective coatings [16, 17] . Moreover, these layers have an advantage over amorphous carbon ones, resulting from their better adhesion to the substrate. Such an effect is achieved thanks to nitrogen admixture, which relaxes the structure and reduces internal stresses [18] .
The a-SiN x :H layers obtained by PACVD can exhibit different chemical and physical properties depending on the deposition conditions. These layers are characterized, similarly to the crystalline form of Si 3 N 4 , by high density, good chemical resistance, high resistivity, dielectric strength as well as high dielectric constant. They are also an excellent barrier against admixtures and impurities penetration. As a result, these layers are useful as masking layers in semiconductor devices. What is more, good optical parameters and possibility of modifying silicon nitride layers by changing the nitrogen, silicon and hydrogen contents, make them an attractive material for photovoltaics. In solar cells they can act as the antireflective and passivation layers [19, 20] .
The a-SiC x N y :H layers combine the good properties of silicon carbide, silicon nitride, and carbon nitride. They are characterized by high hardness and mechanical strength, low coefficient of friction and possess good chemical stability and heat resistance, combined with high oxidation resistance. These properties make them attractive materials for use as protective layers to prevent mechanical wear, corrosion and high temperature oxidation. They can find an application as barrier layers, reducing water vapour permeability, what is of high interest for optoelectronic devices and components that operate on both light and electrical currents [21÷23] .
This work is aimed to study and compare optical parameters and thickness of the a-C:N:H, a-SiN x :H and a-SiC x N y :H layers, deposited on the borosilicate glass and (001) oriented Czochralski silicon wafers. The main experimental technique used in the studies is spectroscopic ellipsometry that allows determining refractive index and extinction coefficient functions, as well as thicknesses of the layers. In addition, the effect of nitrogen and silicon doping on the optical properties of the amorphous carbon layers was determined. The structure of the layers was characterized by means of Fourier transform infrared spectroscopy (FTIR).
EXPERIMENT

Materials and specimen preparation
The a-C:N:H, a-SiN x :H and a-SiC x N y :H layers were deposited on (001) oriented Czochralski silicon wafers, 0.5 mm thick, and borosilicate glass with dimensions of approximately 15×15 mm. Prior to the process of plasma-chemical modification, the surfaces of the substrates were subjected to chemical cleaning using isopropyl alcohol (C 3 H 8 O, p.a. purity) in ultrasonic cleaner for 900 s and dried using the compressed air steam system.
Plasma processes
The a-C:N:H, a-SiN x :H and a-SiC x N y :H layers were deposited with use of chemical vapour deposition assisted by the plasma generated by the radio frequency waves RF PACVD (13.56 MHz, 300 W), using the equipment capable of precise control of deposition parameters [3] . A schematic diagram of the CVD apparatus (Elettrorava S.p.A., Italy) used in this experiment is shown in Figure 1 .
After chemical cleaning of materials, the samples were placed at the bottom electrode (cathode) in the RF chamber. The distance between electrodes in the experiments was set to 2 cm. At first, short substrate cleaning in an argon plasma was performed. The process parameters are presented in Table 1 .
Then, substrates were subjected to the processes of deposition of a-C:N:H, a-SiN x :H and a-SiC x N y :H layers. The deposition temperature, time, RF generator power and the pressure were kept constant. Methane (CH 4 ) nitrogen (N 2 ) and silane (SiH 4 ) gaseous precursors were used as gaseous precursors and argon (Ar) as a diluting gas. For more details concerning the conditions of deposition processes see Table 2 .
METHODS
Fourier transform infrared spectroscopy (FTIR) was adopted to characterize the atomic structure and chemical bonding configurations of the a-C:N:H, a-SiN x :H and a-SiC x N y :H layers deposited on Si substrate. The absorption was measured in the spectral range of 400÷4000 -1 cm with a resolution of 4 cm. 256 scans were obtained for each sample. FTIR spectra were recorded using the Bruker Vertex 70v instrument. Transmission technique was applied in the measurements. The silicon substrate background was subtracted in all presented spectra.
Ellipsometric measurements were performed with use of Woollam Co., Inc., M-2000 J.A. spectroscopic ellipsometer. Spectroscopic Ellipsometry was used to acquire spectra in the range from 200 to 1800 nm. The optical properties and thicknesses of thin films were determined by measuring the polarization change of a probe light upon reflection on the sample, and by modelling and fitting the measured ellipsometric data. The ellipsometric angle Psi (Ψ) and phase difference Delta (Δ) were recorded at an incidence angles of 60°, 65° and 75°. Unfortunately, the ellipsometric data does not directly provide the information required, such as the thickness of the film or the optical properties [23, 24] .
Instead, this information is obtained by fitting adequate model to the data. The thickness and optical functions of the layers were determined by fitting the Cauchy model to dispersions curves of ellipsometric angles Ψ (λ) and Δ (λ). The fitting was performed using Complete EASE 5.0 program [11, 16, 17] . A Marquardt regression algorithm was applied for minimizing mean-square error (MSE).
RESULTS AND DISCUSSION
FTIR spectroscopy
The absorbance spectra of a-C:N:H, a-SiN x :H and a-SiC x N y :H layers are presented in Figure 2 . The spectra were recorded in a transmittance mode within 400÷4000 cm -1 . The substrate's background absorption was extracted from the recorded spectra.
In the case of a-C:N:H layers a typical spectra were observed, with four visible absorption regions at: 2820÷3030 cm , 1059÷1800 cm -1 and also the peaks below 1000 cm -1 , located in the so-called fingerprint region. The narrow band at about 1100 cm -1 can be assigned to C-O bonds. Such bonds can exist at the interface layer-substrate between carbon from the layer and oxygen from native SiO 2 thin film. The peaks between 1100÷1750 cm -1 are due to skeletal C=N vibrations. The recorded peaks were sharp and narrow, what is characteristic for highly polymeric layers with dominating graphitic ordering and sp 2 carbon. The weak absorption at about 2200 cm -1 is due to C≡N vibrations. The band at 2800÷3000 cm -1 arises from CH stretching and breaks down into three modes assigned to C-sp 1 , C-sp 2 , C-sp 3 . The weak band between 3200 cm -1 and 3500 cm -1 can be assigned to the OH groups adsorbed from the atmosphere and to the oscillations occurring between the nitrogen atoms.
FTIR spectra of a-SiN x :H layer consisted of typical absorption band for different hydrogen bondings to silicon and silicon-nitrogen bondings. The 630 cm -1 and 860 cm -1 bands were assigned to Si-H and Si-N mode respectively. The bands within the 1930÷2190 cm -1 region originated from deforming and stretching Si-H vibrations.
The absorbance spectra of a-SiC x N y :H layers consisted of typical absorption bands resulting from different bondings between nitrogen, carbon, silicon and hydrogen. The range from 500 cm -1 to 1200 cm -1 consists of bond vibrations within the groups Si-H, Si-(CH 3 ) n , Si-N and Si-O. A peak in the absorption region from 1200 cm -1 to 1500 cm -1 , derived from bond vibrations in groups Si-CH 3 , CH n (n = 2, 3), as well as C=C and C=N, in chains and rings, responsible to a considerable degree for layers, cross-linking and the structure strengthening, are observed. The band at 2126 cm -1 characterize vibration from Si-H 2 , Si-H n and (Si-H) n . Characteristic band corresponding to stretching vibrations of C-H bond in groups CH n (n = 2, 3), and vibrations of the same type of bonds in aldehyde groups are observed in the range from 839 cm -1 to 2998 cm -1 . Moreover, a weak absorption attributed to vibrations of bonds in NH, NH 2 and OH groups is observed in the range of higher wavelength from 3318 cm -1 to 3419 cm -1 .
Ellipsometric studies
The optical properties of the layers deposited on various substrates, glass and Czochralski silicon wafers, were determined by the spectroscopic ellipsometry. First, the spectra of ellipsometric angles, Ψ (λ) and Δ (λ) were measured then, adequate models were fitted. From the model, the layers' dispersion functions of refractive index n (λ) and extinction coefficient k (λ) and also thickness were determined (Tab. 3, Fig. 3, 4) . It can be seen that layers on glass and silicon are optically similar materials. However, the clear differences are observed, when thickness of the layers is compared. The layers deposited on the glass are thicker than those deposited on the silicon. The layers are thick 129 nm and 84 nm (and C:N:H), 497 nm and 420 nm (a-SiN x :H) and 458 nm and 386 nm (and SiC x N y :H) on the glass and silicon, respectively. Since high repeatability of the RF PACVD has already , refractive index and extinction coefficient at  633 nm for the a-C:N:H, a-SiN x :H and a-SiC x N Table 3 . The refractive indexes, for the layers on the glass and silicon, are respectively: 1.50 and 1.53 (a-C:N:H), 2.76 and 2.54 (a-SiN x :H) and 2.87 and 3.04 (a-SiC x :N y :H). Furthermore, for all layers, a weak absorption (extinction coefficients k ≈ 0) is observed for wavelengths above 600 nm.
SUMMARY
The obtained results confirm that layers' growth rates are affected by the substrate type. The growth rate of the layers deposited on Si (001) is in all cases lower than for the layers obtained on the borosilicate glass. It can be explained by the binding energy of the bonds between the atoms from the substrate and the layer. A glass substrate, being an oxide, contains a lot of oxygen, is characterized by higher binding energy relative to carbon C-O (358 kJ/mol) than carbon to silicon C-Si (318 kJ/mol). This means that a-C:N:H layer should grow faster on glass than silicon. Similarly, due to higher energy of Si-O bond (368 kJ/mol) in comparison to Si-Si bond (340 kJ/mol), faster growth of the a-SiN x :H and a-SiC x N y :H layers is observed when the layers were deposited on glass.
The results of the optical parameters indexes that the refractive indexes clearly depend on the type of the layers. The refractive indexes of the a-SiN x :H layers are higher than the indexes of the a-C:N:H layers. It follows that the presence of silicon in the layer causes the increase of the refractive index. At the same time, weak absorption is observed for all layers, which is confirmed by the value of k ≈ 0 for λ > 600 nm.
The present results are of great importance when the layers are deposited on different substrates and non-destructive measurement of thickness and parameters is impossible. 
